Abstract-This paper presents an innovative control law for distributed dc generation supplied by a fuel cell (FC) (main source) and supercapacitor (auxiliary source). This kind of system is a multiconverter structure and exhibits nonlinear behavior. The operation of a multiconverter structure can lead to interactions between the controls of the converters if they are designed separately. Typically, interactions between converters are studied using impedance criteria to investigate the stability of cascaded systems. In this paper, a nonlinear control algorithm based on the flatness properties of the system is proposed. Flatness provides a convenient framework for meeting a number of performance specifications for the hybrid power source. Using the flatness property, we propose simple solutions to hybrid energy management and stabilization problems. The design controller parameters are autonomous of the operating point; moreover, interactions between converters are taken into account by the controllers, and high dynamics in disturbance rejection is achieved. To validate the proposed method, a hardware system is realized with analog circuits, and digital estimation is accomplished with a dSPACE controller. Experimental results with small-scale devices (a polymer electrolyte membrane FC of 1200 W, 46 A and a supercapacitor module of 100 F, 500 A, and 32 V) in a laboratory corroborate the excellent control scheme during a motor-drive cycle.
in helping to meet the demands of power quality and reliability of distributed power generation [1] , [2] .
It is believed that FC vehicles could revolutionize the automobile industry by replacing internal combustion engine (ICE) technology [3] . As reported in [4] , for vehicle applications, the total efficiency of an ICE based on a propulsion system and FC vehicle comprises the well-to-tank efficiency and the tankto-wheel efficiency. Overall, the FC vehicle is more efficient than the ICE vehicle. The well-to-wheel efficiencies are 21.7 and 13.8% for FC and ICE vehicles, respectively. For hydrogen manufacture, there are many ways to produce hydrogen, particular from wind turbines and photovoltaic cells [5] .
According to recent works on FC characteristics [6] [7] [8] [9] , the specific properties of FCs that result in a delayed output power response are related to processing time through subsidiary equipments, and slow internal electrochemical and thermodynamic characteristics. Therefore, in order to supply electric power to fluctuating loads via the hybrid system of the FC, an electric energy storage system is needed to compensate the gap between the output from the FC and the load, in addition to collaborative load sharing. At the moment, based on present storage device technology, the supercapacitor (or "ultracapacitor") storage device has received wide attention [10] , [11] as an auxiliary power source.
The primary difference between batteries and supercapacitors is that the former store energy in the bulk of chemical reactants capable of generating charge, whereas the latter store energy directly as surface charge. Battery discharge rate and, therefore, power performance is limited by reaction kinetics as well as mass transport, while such limitations do not apply to supercapacitors constructed with two activated carbon electrodes, thereby allowing exceptionally high power capability during both charge and discharge [12] . In addition, the highly reversible electrostatic charge storage mechanism in supercapacitors does not lead to the volume changes observed in batteries with electrochemical transformations of active masses. This volume change limits the lifetime cycle of batteries usually to several hundred cycles, whereas supercapacitors have demonstrated from hundreds of thousands to many millions of full-charge/discharge cycles [10] .
Previous research works have shown that hybridization of FC vehicles with batteries [13] , [14] , supercapacitors (ultracapacitors) [15] , [16] , and battery/supercapacitors [17] , [18] , provides cost, performance, and operational improvements, as well as fuel economy benefits that are attractive and should be considered. As reported in [19] , an FC/supercapacitor hybrid source has better performance than an FC/battery source, because the supercapacitor can more effectively assist the FC to meet the transient power demand, and high-current charges and discharges from batteries will also have a reduced lifetime. Even better, hybrid source in a FC/battery/supercapacitor combination has been presented in [18] . A main improvement of the FC/battery/supercapacitor vehicle is the increase in the battery lifetime due to reduction of high-current charges and discharges.
However, there are still some aspects of control methods to be studied, particularly in the area of dynamics, robustness, stability, and efficiency. Recent work on controlling a FC/supercapacitor hybrid power plant is reported in [16] , where a linear control using PI compensator was proposed for dclink stabilization. Design controller parameters based on linear methods require a linear approximation, where this is dependent on the operating point. Because the switching model of the hybrid power plant is nonlinear, it is natural to apply model-based nonlinear control strategies that directly compensate for system nonlinearity without requiring a linear approximation [20] .
Differential flatness theory (nonlinear approach) was first introduced by Fliess et al. [21] . This allowed an alternate representation of the system, where trajectory planning and nonlinear controller design is clear-cut. These ideas have been used lately in a variety of nonlinear systems across various engineering disciplines including: control of a high-speed linear axis driven by pneumatic muscle actuators [22] , control of cathode pressure and oxygen excess ratio of a proton exchange membrane (PEM) fuel cell system [23] , steering control of a two-level quantum system [24] , reactive power and dc voltage tracking control of a three-phase voltage source converter [25] , control of openchannel flow in an irrigation canal [26] , current control for three phase three-wire boost converters [27] , design of a guidance algorithm for the hypersonic phase of a lifting-body vehicle [28] , and control of a space robot with arbitrarily oriented joint axes and two momentum wheels at the base [29] .
In this paper, we present an innovative control approach called differential flatness to manage energy in the proposed system. This paper is focused on a special control strategy and control law. This method enables the management of transient power demand, power peaks, and regenerative braking, particularly in future FC vehicle applications, in light of FC and supercapacitor constraints. It will provide a new contribution to the field of the multisource system. The general structure of the studied system, the new control algorithm of the hybrid source, realization of the experimental bench, and experimental validation are presented in the following sections.
II. FC HYBRID POWER SOURCE

A. Proposed Hybrid Structure
Low-voltage, high-current (power) converters are needed because of the electrical characteristics of FCs and supercapacitors. A classical boost converter is often used as an FC converter [30] , [31] , and a classical two-quadrant (bidirectional) converter is often used as a supercapacitor or battery converter [32] . However, the classical converters will be limited when the power increases or at higher step-up ratios. As such, the use of parallel power converters (multiphase converters in parallel) with interleaving may offer better performance [33] .
In the interleaving method, the converter modules all operate at the same switching frequency. Their switching waveforms are displaced in phase with respect to one another by 2π/N radians over the switching period, with N being the number of converters working in parallel. The interleaved converter can benefit both high current and high power density designs. It is ideal for dcbus converters and merchant power applications because the reduced input ripple current and reduced output capacitor ripple current lessen the electrical stress on the dc capacitors [33] . Fig. 1 depicts the proposed hybrid source structure. The FC converter combines four-phase parallel boost converters with interleaving, and the supercapacitor converter employs fourphase parallel bidirectional converters with interleaving. These latter two converters are in the high-current and low-voltage sections. In order to obtain a higher utility voltage level, a threelevel boost converter can be used as a high-voltage section. The use of a high-voltage section converter leads to better efficiency of the global conversion structure due to the use of MOSFET/Schottky diode technology rather than insulated gate bipolar transistor (IGBT)/ultrafast diode technology [34] .
Constraints in operating the three-level boost converter are to regulate the input current i Load , the dc-bus output v Out and to ensure the balance of voltages across capacitors C 1 and C 2 . It is beyond the scope of this paper to present the three-level boost converter. For more details may be found in [34] . Thus, the following presentation will detail only with the low-voltage and high-current section.
For safety and high dynamics, the FC and supercapacitor converters are typically controlled primarily by inner current regulation loops. The current controls of these converters, as illustrated in Fig. 2 , are similar to the basic current control of parallel converters. These controls can be easily realized with linear (PI) or nonlinear (sliding mode) current controllers [35] . The dynamics of the current regulation loops are also supposed to be much faster than those of the outer control loops [36] . These current control loops are supplied by two reference signals: the supercapacitor current reference i SCREF and the FC current reference i FCREF generated by the energy management algorithm presented hereafter.
B. Reduced-Order Model of FC/Supercapacitor Converters
We suppose that the FC and supercapacitor currents follow their reference values completely. Thus,
A reduced-order model [37] of the studied power converters is shown in Fig. 3 . Now, the FC generator and the supercapacitor storage device function as controlled current sources. We consider here that there are only static losses in these converters, and r FC and r SC represent static losses in the FC and supercapacitor converters, respectively. The dc-bus capacitive energy y Bus , and the supercapacitive energy y SC can be written as follows:
The total electrostatic energy y T stored in the dc-bus capacitor C Bus and the supercapacitor C SC can also be written as follows:
The dc-bus capacitive energy y Bus is given versus p FCo , p SCo , and p Load by the following differential equation:
where
III. CONTROL OF A HYBRID POWER SOURCE
A. Literature Review: Control of a Hybrid Power Source
The energy management of multipower sources has been studied recently: for example, by Feroldi et al. [38] , who studied the control (based on the efficiency map) of a FC/supercapacitor hybrid power source for vehicle applications; by Jiang et al. [39] , who studied the control (based on adaptive control with statemachine estimation) of a FC/battery hybrid power source; by Li and Liu [40] , who studied the control (using a fuzzy power control algorithm) of a FC/battery hybrid power source; and by Thounthong et al. , whose work concerned a regulated dc-bus voltage FC/supercapacitor hybrid source (based on a basic linear controller operated by setting controller parameters that depend on a defined operating point) [16] , a regulated dc-bus voltage FC/battery/supercapacitor hybrid source (based on a basic linear controller operated by setting controller parameters that depend on a defined operating point) [18] and an unregulated dc-bus voltage FC/battery hybrid source (based on the battery stateof-charge) [14] . Nevertheless, in these structures, there are still some aspects about the control laws that remain open to study, particularly in the area of dynamics, robustness, stability, and efficiency.
B. Brief Theory of Differential Flatness
The theory of differential flatness consists of a parameterization of the trajectories of a system by one of its outputs y, called the flat output, and its derivatives. Here, we consider general nonlinear systems of the forṁ
where x is the state variable, u is the vector of input (control) variables, and (n, m) ∈ N. According to Fliess et al. [21] , [41] , if the state variable x can be parameterized by output y and its derivatives, an autonomous dynamical system, (i.e., (11) with time removed) is said to be differentially flat and admits the flat output y
with
such that the state variable and control variable can be written as follows:
where α and β are the finite numbers of derivative. As depicted in Fig. 4 , nonlinear flat systems are equivalent to linear controllable systems. Therefore, a dynamical system is naturally differentially flat if it is equivalent to a system without dynamics, i.e., a static system [22] , [23] . The aforementioned equations mean that there exists a quantity y that summarizes the behavior of the whole system via the mappings ϕ and ψ. Clearly, the advantage of the differential flatness approach is that the trajectories of the system, i.e., (x, u) are straightforwardly estimated by the trajectories of y and its derivatives without integrating any differential equation [29] , [42] .
C. Proposed Differential Flatness-Based Control Hybrid Source
In the proposed system depicted in Fig. 1 , there are two voltage variables or two energy variables to be regulated.
1) The dc-bus energy y Bus is the most important variable.
2) The supercapacitor storage energy y SC is of secondary importance. Therefore, based on the previous literature referenced earlier, we propose to utilize the supercapacitors, the fastest energy source of the proposed system, to supply the energy for the dc bus [16] , [18] . Hence, the FC (as the slowest dynamic device) functions to supply the energy to both the dc-bus capacitor C Bus and the supercapacitors C SC to keep them charged.
The T are defined as follows:
(18) From (3) and (5), the state variables x can be written as follows:
From (6), the control variables u can be calculated from the flat output y and its time derivatives (inverse dynamics, see Fig. 4 )
In this case, p SCMax and p FCM ax are the limited maximum power of the supercapacitor and FC sources, respectively.
Thus, it is apparent that x 1 = ϕ 1 (y 1 ), x 2 = ϕ 2 (y 1 , y 2 ), u 1 = ψ 1 (y 1 ,ẏ 1 ), and u 2 = ψ 2 (y 1 ,ẏ 2 ) correspond with (16) and (17) . Consequently, the proposed reduced-order system can be considered as a flat system.
D. Control Law and Stability
For dc-bus energy regulation, a desired reference trajectory for the dc-bus energy is represented by y 1REF . A linearizing feedback control law that performs exponential asymptotic tracking of the trajectory is given by the following expression [20] , [27] :
where the set of controller parameters (K 11 , K 12 ) is chosen, so that the roots of the closed-loop characteristic polynomial, in the complex variable s, is a Hurwitz polynomial
Obviously, the tracking error e 1 = y 1 − y 1REF satisfies
The optimum choice of the design controller parameters is obtained by matching the characteristic polynomial p(s) to a desired characteristic polynomial, with prespecified root locations.
We may set as the desired characteristic polynomial
where ζ and ω n are the desired dominant damping ratio and natural frequency. It is noticeable that the control system is stable for K 11 , K 12 > 0 (ζ, ω n > 0). However, based on the power electronic constant switching frequency ω S and cascade control structure, the outer control loop (here, the dc-bus energy control) must operate at a cutoff frequency ω E ω C (the cutoff frequency of the supercapacitor power loop) ω S [43] . Once the flat outputs are stabilized, the whole system is stable because all the variables of the system are expressed in terms of the flat outputs via (19)- (23) .
The control law of the dc-bus energy loop detailed earlier is portrayed in Fig. 5 . The dc-bus energy control law generates a supercapacitor power reference p SCREF . This signal is then divided by the measured supercapacitor voltage v SC and limited to maintain the supercapacitor voltage within the interval [minimum V SCMin , maximum V SCMax ] by limiting the supercapacitor charging current or discharging current, as presented in the block "superC current limitation function" [16] . This yields supercapacitor current reference i SCREF .
For total energy regulation (or supercapacitor energy regulation), the desired reference trajectory for the total energy is represented by y 2REF . Because the supercapacitor has an enormous energy storage capacity, and because the supercapacitor energy is defined as a slower dynamic variable than the dcbus energy variable, the total energy control law is defined as follows:
Fig. 6 depicts the total energy control loop. The total energy control law generates the FC power reference p FCREF . It must be restricted to an interval with maximum p FCM ax (corresponding to a rated power of the FC) and minimum p FCM in (set to 0 W) as well as be limited in dynamics; these limitations ensure safe operation of the FC with respect to the constraints that are associated with the FC (i.e., the prevention of an FC stack from undergoing fuel starvation [7] ). Here, the second-order delay is selected as the "fuel cell power dynamic limitation."
The proposed control presents a solution of how to avoid fuel starvation, which allows the FC system to operate at high efficiency. In effect, the fuel flow varies depending on the power demand, rather than being fixed to a constant fuel flow at a maximum value (the FC always has sufficient fuel flow). Nonetheless, the operating system by fixing the fuel flow to a constant fuel flow at a maximum value has low efficiency because fuel flow (known as the power input of this generator) is always constant at the maximum value [7] .
IV. EXPERIMENTAL VALIDATION
A. Test Bench Description
In order to authenticate the proposed control algorithm and control laws, a small-scale test bench of the hybrid system was implemented in our laboratory, as presented in Fig. 7 . The FC system used in this effort was a PEMFC system (1.2 kW, 46 A; Ballard Power Systems Company), as illustrated in Fig. 8 . It was supplied using pure hydrogen of regulated pressure at 10 bars from bottles under a pressure of 150 bars and with clean and dry air from a compressor. The supercapacitor module (100 F, 32 V; Maxwell Technologies Company) was obtained by means of 12 BCAP1200 cells (capacitance: 1200 F and maximum voltage: 2.7 V) connected in series, as shown in Fig. 9 . The FC converter (1.2 kW) and the supercapacitor converter (4 kW) (see Fig. 1 ) were both realized in the laboratory. The converter parameters and semiconductor components are detailed in Table I .
B. Control Description
Measurements of the FC current i FC , the supercapacitor current i SC , the load current i Load , the dc-bus voltage v Bus , the FC voltage v FC , and the supercapacitor voltage v SC were carried out by means of zero-flux Hall effect sensors. 
TABLE I CONVERTER PARAMETERS AND SEMICONDUCTOR DEVICES
The FC and supercapacitor current regulation loops were realized using analog circuits to function at a high bandwidth. Parameters associated with the dc-bus energy regulation loop and the total energy regulation loop can be seen in Tables II and III , respectively. The FC power dynamic delay is shown in Table III . This value has been experimentally de- termined as having the highest power slope of our FC system, where no fuel starvation occurs. It must be noted that, for the small-test bench, the FC maximum power p FCM ax was set at 600 W; in fact, the rated FC power considered here is 1200 W. Moreover, these two energy control loops, which generated current references i FCREF and i SCREF , were implemented in the real-time card dSPACE DS1104 using MATLABSimulink at a sampling frequency of 25 kHz.
C. Experimental Results
The experimental tests were carried out by connecting a dc link loaded by a traction motor that was coupled with a smallinertia flywheel and friction load. Fig. 10 presents the waveforms that were obtained during the motor drive cycle, and show the dcbus voltage, the FC voltage, the load power, the supercapacitor power, the FC power, the supercapacitor current, the FC current, and the supercapacitor voltage [or the supercapacitor state-ofcharge (SOC)].
The initial state was in no-load power, and the storage device was fully charged, i.e., v SC = 25 V; as a result, both the FC and supercapacitor powers were zero. At t = 10 s, the traction motor speed accelerated to its final speed of 800 r/min; synchronously, the final FC power increased with a limited slope to its limited maximum power of 600 W. Thus, the supercapacitor, which supplies most of the power that is required during motor acceleration, remained in a discharged state after the start of the motor because the steady-state load power (friction load) was greater than the FC-limited maximum power.
Afterward, at t = 50 s, the motor speed decelerated to a stop with a peak load power of about −200 W. The supercapacitor was deeply charged, demonstrating the three phases. First, the supercapacitor recovers the energy that is supplied to the dc bus by the FC (600 W) and the traction motor. Second, the supercapacitor is charged only by the FC. Third, the supercapacitor is nearly fully charged, which then reduces the charging current. After this, both the FC and supercapacitor powers reduce to zero when v SC reaches v SCREF of 25 V.
To demonstrate dynamic regulation of the dc-bus energy (voltage) at different nonlinear controller parameters (see Fig. 11 ), the oscilloscope waveforms in Fig. 12 show the dcbus voltage dynamics (representing the flat output y 1 ) to the large load power demanded (disturbance) from 0 to 600 W, whereas the dc bus was loaded with an electronic load. The oscilloscope screens show the dc-bus voltage (the state variable x 1 , representing the flat output y 1 ), the supercapacitor voltage (the state variable x 2 ), the load power, and the supercapacitor power (the control input variable u 1 ).
The cutoff frequency (ω P ) of the supercapacitor power loop was 450 rad·s −1 (equivalent as a first-order delay with a time constant T P of 2.2 ms, determined from experimentation). The cutoff frequency (ω E ) of the closed-loop dc-bus energy must then be lower than the cutoff frequency (ω P ) of the supercapacitor power loop, so that the system is stable.
The FC power dynamics were purposely limited (see Fig. 10 ), forcing the supercapacitor to supply the transient load power demand. As depicted in Fig. 12(a) , the nonlinear controller gains used were K 11 = 71 rad·s −1 and K 12 = 2500 rad 2 ·s −2 , so that the system damping ratio ζ was equal to 0.707 and the natural frequency ω n was equal to 50 rad·s −1 . As a result, the cutoff frequency (ω E 1 ) of the closed-loop dc-bus energy was equal to 50 rad·s −1 . As depicted in Fig. 12(b) , the nonlinear controller gains used were K 11 = 141 rad·s −1 and K 12 = 10 000 rad 2 ·s −2 , so that the system damping ratio ζ was equal to 0.707 and the natural frequency ω n was equal to 100 rad·s −1 . As a result, the cutoff frequency (ω E 2 ) of the closed-loop dc-bus energy was equal to 100 rad·s −1 . Finally, as depicted in Fig. 12(c) , the nonlinear controller gains used were K 11 = 354 rad·s −1 and K 12 = 62 500 rad 2 ·s −2 , so that the system damping ratio ζ was equal to 0.707 and the natural frequency ω n was equal to 250 rad·s −1 . As a result, the cutoff frequency (ω E 3 ) of the closed-loop dc-bus energy was equal to 250 rad·s −1 . Although the dynamic response of the control system can be improved relative to that shown in the figures by increasing the cutoff frequency, this improvement comes at the outflow of reduced boundary stability, as illustrated in Fig. 12(c) , in which the cutoff frequency (250 rad·s −1 ) is closed to ω P (450 rad·s −1 ). As presented in Fig. 12(b) , the controller parameters at the cutoff frequency (ω E 2 ) of 100 rad·s −1 (ω E = ω P /4.5) show good stability and optimum response (no oscillation and short settling time) of the dc-bus voltage regulation to its desired reference of 60 V.
Note that there are some losses (static and dynamic losses) in the supercapacitor converter (see Figs. 1 and 3) , because the implemented converters are hard-switching converters, then, the power difference between the supercapacitor and the load powers (for example, during 100 to 200 ms) can be observed. To improve the converter efficiency, soft-switching converters may be effective solutions for future work.
The flatness-based control is model-based (see the inverse dynamics detailed in Figs. 5 and 6). As a result, it may have some sensitivity to errors in the model parameters [see (21) and (22)]. To substantiate its robustness and dynamic regulation of the dc-bus energy (or voltage), the flatness-based control was tested with the exact model parameters (r FC = 0.14 Ω and r SC = 0.10 Ω) and for the case of lossless parameters (r FC = 0.0 Ω and r SC = 0.0 Ω). Comparisons (robustness) between the accurate parameters and the error parameters are given in Fig. 13 . The oscilloscope generated waveforms obtained during the large load step from 0 to around 800 W and showed the dcbus voltage (representing the flat output y 1 ), the supercapacitor voltage, the load power (disturbance), the supercapacitor power (the control input variable u 1 ). The FC power dynamics were intentionally limited (see Fig. 10 ), forcing the supercapacitor to meet the transient load power demand. Similar waveforms are seen in Fig. 13(a) and (b) .
The dc-bus voltage (dc-link stabilization) is minimally influenced by the large step in load power. Undoubtedly, the performance of the control system is hardly affected by the error considered in the model parameters. It is then possible to conclude that the nonlinear differential flatness-based approach provides an absolutely robust controller in this application.
D. Performance Comparison Between Nonlinear Control Based on Flatness and Classical Linear Control
To compare the performance of the flatness-based control, a traditional linear control method presented in [16] was also implemented on the hybrid test stand. A dc-bus energy reference was represented by y BusREF (=y 1REF ). A linear feedback PI control law is given by the following expression:
where K P and K I are the set of controller parameters.
Because the supercapacitor current loop is much faster than the dc-link voltage loop [so that it can be considered as a pure unity gain, see (6) ], the open-loop transfer function associated 
where T P is the time constant of an equivalent first-order delay of the supercapacitor power regulation loop (or the supercapacitor current regulation loop). The linear control law of the dc-link stabilization detailed earlier is portrayed in Fig. 14 ; it is similar to the nonlinear control law (see Fig. 5 ), where the PI controller also generates a supercapacitor power reference p SCREF . The main difference between nonlinear control based on the flatness property and classical linear control is that the inverse dynamic equation, known as the flatness property (see (21) and Fig. 5 ), appears in the nonlinear control. Finally, in order to give a reasonable comparison between the methods, the parameters of the linear controller K P and K I were tuned to obtain the best possible performance. This result was compared to the flatness-based control. In this case, K P = 252 W·J −1 and K I = 42 000 W·(J·s) −1 , so that the desired phase margin was 30
• . If K P = 124 W·J −1 and K I = 3968 W·(J·s) −1 , the desired phase margin (PM) was 60
• . Fig. 15 shows experimental results obtained for both controllers during the large load step. The flatness-based control shows good stability and optimum response of the dc-bus voltage regulation to its desired reference of 60 V. Although dynamic response of the linear control law could be improved relative to that shown in the figures, this enhancement comes at the expense of a reduced stability margin. From these results, we conclude that flatness-based control provides better performance than the classical PI controller.
V. CONCLUSION
A new control approach for a distributed dc generation system supplied by a hybrid source that uses supercapacitors as a fast auxiliary source, in association with a PEMFC as the main source, has been proposed. The reduced-order model of the FC/supercapacitor power plant is flat. A trajectory planning algorithm that allows for energy (voltage) regulation in finite time has also been presented. Theoretically, the flatness-based control shows better performance than a classical controller (PI or PID controllers) for transitions between equilibrium points, particularly in a nonlinear system.
Experimental results with a small-scale hybrid test bench in the laboratory have authenticated the excellent closed-loop performance of this system. The robustness of the proposed control was demonstrated by test bench results.
